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Novel  cross-linked  composite  membranes  were  synthesized  to  investigate  their  applicability  in  anion 
exchange  membrane  fuel  cells.  These  membranes  consist  of  quaternized  poly( vinyl  alcohol)  (QAPVA)  and 
quaternized  chitosan  (2-hydroxypropyltrimethyl  ammonium  chloride  chitosan,  HACC)  with  glutaralde- 
hyde  as  the  cross-linking  reagent.  The  membranes  were  characterized  in  term  of  their  water  content,  ion 
exchange  capacity  (IEC),  ion  conductivity  and  methanol  permeability.  FTIR,  X-ray  diffraction  and  scan¬ 
ning  electron  microscopy  (SEM)  were  also  used  to  investigate  the  relation  between  the  structure  and 
performance  of  the  composite  membranes.  The  composite  membranes  have  a  high  conductivity  (10~3  to 
10~2  S  cm-1 ),  and  a  low  methanol  permeability  (from  5.68  x  10  7  to  4.42  x  10-6  cm2  s-1 )  at  30 °C.  After 
reviewing  all  pertinent  characteristics  of  the  membranes,  we  find  that  the  membrane  structure  is  the 
principal  factor  affecting  the  conductivity  and  methanol  permeability  of  these  membranes. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  commonly  believed  that  polymer  electrolyte  membrane  fuel 
cells  are  destined  to  become  an  effective  energy  alternative  [1,2]. 
Among  the  various  fuel  cell  technologies,  the  direct  methanol  fuel 
cell  (DMFC)  holds  favor  as  a  promising  candidate  for  its  application 
as  a  portable  power  source,  owing  to  its  ease  of  storage  and  use 
of  methanol  as  a  liquid  fuel.  DMFCs  use  currently  proton  exchange 
membranes,  such  as  Nafion®,  etc.,  as  a  barrier  to  separate  the  fuel 
and  to  transport  protons.  These  membranes  can  provide  high  pro¬ 
ton  conductivity  and  cell  power,  but  with  low  methanol  barriers, 
which  results  in  power  losses  [3,4].  Consequently,  alkaline  anion 
exchange  membrane  fuel  cells  (AEMFCs)  have  been  developed  to 
avoid  the  deficiencies  of  DMFCs  containing  proton  exchange  mem¬ 
branes.  Because  the  operational  environment  is  alkaline,  AEMFCs 
have  many  advantages,  including:  (1)  the  methanol  oxidation  rate 
is  faster  in  alkaline  media  than  in  acid  [5];  (2)  AEMFCs  can  use  less 
expensive  metal  catalysts,  such  as  Ag  or  Ni;  (3)  the  direction  of  OH- 
anion  motion  opposes  that  of  the  methanol  flux  through  the  mem¬ 
brane  leading  to  an  intrinsic  reduction  in  methanol  permeability. 

Research  on  the  application  of  anion  exchange  membranes  has 
been  underway  for  several  years  [6-12].  There  are  many  ways  to 
produce  anion  exchange  membranes,  such  as  radiation  grafting, 
electrophilic  substitution  or  dipping  with  alkali  metal  hydrox¬ 
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ide,  such  as  KOH.  (2,3-Epoxypropyl)  trimethylammonium  chloride 
(EPTMAC)  is  an  active  electrophilic  reagent  that  can  react  with 
—OH  or  —  NH2  groups  and  hence  graft  quaternary  ammonium 
groups  onto  the  polymer  matrix  [13,14].  Therefore,  this  elec¬ 
trophilic  reaction  with  EPTMAC  can  be  used  to  synthesize  anion 
exchange  membranes.  In  our  previous  work,  we  have  investigated 
quaternized  poly( vinyl  alcohol)  (QAPVA)  obtained  by  the  reaction 
between  PVA  and  EPTMAC  and  have  produced  cross-linked  QAPVA 
membranes,  which  have  good  conductivity  and  low  methanol  per¬ 
meability  [8]. 

Cross-linked  QAPVA  membranes  have  a  weak  mechanical 
strength.  Their  performance  can  be  improved  by  several  means, 
such  as  blending  with  inorganic  materials  or  other  polymers.  The 
objective  of  this  work  is  to  blend  QAPVA  with  other  materials  to 
produce  a  composite  membrane  that  has  a  more  compact  structure 
and  good  mechanical  strength. 

Chitosan  (CS),  which  has  a  low  toxicity  and  is  biodegradable 
and  biocompatible,  is  one  of  the  most  abundant  natural  polymers 
from  the  ocean.  CS  has  been  studied  as  a  membrane  material 
for  ultrafiltration,  reverse  osmosis,  pervaporation  and  fuel  cells 
[15-17].  Because  there  are  no  mobile  hydrogen  ions  in  its  structure, 
CS  has  a  low  electrical  conductivity.  Quaternized  CS  (2-hydroxy- 
propyltrimethyl  ammonium  chloride  chitosan,  HACC),  the  product 
of  the  reaction  of  CS  and  EPTMAC,  has  exchangeable  OH-  anions 
arising  from  the  quaternary  ammonium  groups  in  the  matrix.  HACC 
has  been  used  as  a  flocculant  in  water  treatment  [18,19]  and  is 
also  used  as  a  membrane  material  for  electrolyte  separation  and 
pervaporation  [20,21].  However,  it  has  not  been  used  in  fuel  cells. 
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Table  1 

The  characteristics  and  activation  energies  (Ea)  of  the  composite  membranes 


a  The  quantity  of  GA  is  added  in  a  20-mL  composite  solution. 

Considering  the  anion  exchange  groups  in  HACC,  it  should  be  possi¬ 
ble  to  apply  HACC  in  alkaline  anion  exchange  membrane  fuel  cells. 

HACC  is  a  good  choice  for  AEMFCs,  since  it  has  —OH  and  — NH2 
groups  that  can  react  with  glutaraldehyde  (GA)  to  form  a  cross- 
linking  network,  which  reinforces  the  strength  of  the  membrane 
[17].  It  also  has  quaternary  ammonium  groups  and  exchange¬ 
able  OH-  anions.  When  HACC  is  added  into  the  membranes,  its 
exchangeable  groups  can  improve  the  ion  conductivity  of  the  com¬ 
posite  membranes. 

According  to  its  good  performance  and  low  cost  as  noted  above, 
HACC  was  chosen  as  the  polymer  material  to  blend  with  QAPVA 
to  produce  anion  exchange  membranes  for  application  in  alkaline 
fuel  cells.  In  this  paper,  we  prepared  cross-linked  QAPVA  and  HACC 
composite  membranes  and  assessed  their  characteristics. 

2.  Experimental 

2.1.  Material  and  membrane  preparation 

Poly( vinyl  alcohol)  (polymerization  degree  of  2400,  hydrolysis 
degree  of  98-99%)  was  supplied  by  Sinopharm  Chemical  Reagent 
Co.  Ltd.  Chitosan  has  a  degree  of  deacetylation  of  approximately  92% 
(Yuhuan  Ocean  Biochemical  Co.  Ltd.,  China).  EPTMAC  (purity  >95%) 
was  purchased  from  Shandong  Guofeng  Fine  Chemistry  Factory. 
Quaternized  poly( vinyl  alcohol)  was  synthesized  according  to  the 
previously  reported  study  [8].  2-Hydroxy-pro pyltrimethy  ammo¬ 
nium  chloride  chitosan  was  synthesized  according  to  the  method 
reported  by  Lin  et  al.  [22].  Glutaraldehyde  (25  wt%  content  in  dis¬ 
tilled  water)  was  supplied  by  Sinopharm  Chemical  Reagent  Co.  Ltd. 

QAPVA  and  HACC  were  dissolved  in  deionized  water  to  obtain  a 
solution  with  a  total  concentration  of  5  wt%.  The  pH  of  the  solution 
was  adjusted  to  5  with  10wt%  sulfuric  acid.  Then  a  quantitative 
amount  of  10  wt%  GA  was  added  as  a  cross-linking  reagent.  After  the 
above  solution  was  filtered  with  a  G3  sand  filter,  it  was  coated  onto 
the  surface  of  a  glass  plate  and  dried  at  45  °C  for  6  h.  The  membrane 
was  removed  from  the  glass  plate  and  dried  at  100  °C  for  3  h. 

Two  series  of  composite  membranes  were  prepared  and  their 
characteristics  were  contrasted  as  shown  in  Table  1 .  The  following 
codes  were  used  to  name  these  composite  membranes:  P  means 
QAPVA,  H  means  HACC  and  G  means  GA.  The  number  behind  each 
letter  indicates  the  weight  percent  of  each  composition,  except  for 
GA,  where  the  number  indicates  the  number  of  mL  of  GA  added  in  a 
20-mL  mixture  to  prepare  a  given  membrane.  For  example,  P3H2G2 
means  that  in  this  membrane  the  concentration  of  QAPVA  is  3  wt% 
that  of  HACC  is  2  wt%  and  the  amount  of  GA  added  per  20  mL  of 
mixture  is  2  mL. 

2.2.  Structural  characterization 

The  FT-IR  absorption  spectra  of  CS,  HACC,  QAPVA  and  the 
composite  membranes  were  recorded  using  an  FT-IR740SX  spec¬ 
trophotometer  (Thermo  Electron  Corporation,  USA).  The  crystal 
structures  of  the  composite  membranes  were  examined  using  an 
X-ray  diffractometer  (X’Pert  Pro,  Panalytical,  Holland).  Also  the 
membrane  samples  were  scanned  in  the  reflection  mode  with  a 


20  angle  between  5°  and  35°.  TGA  thermal  analyses  were  carried 
out  using  a  TG209F1  (NETZSCH,  Germany)  system.  The  measure¬ 
ments  were  conducted  by  heating  from  30  to  600  °C  at  a  heating 
rate  of  10°Cmin-1  under  a  nitrogen  atmosphere. 

The  membrane  morphologies  were  investigated  by  environ¬ 
ment  scanning  electron  microscopy  (XL30ESEM-TMP,  Philips, 
Holland).  Prior  to  observations,  the  membrane  samples  were  frac¬ 
tured  in  liquid  nitrogen  and  then  sputtered  with  gold. 

2.3.  Water  content  and  ion  exchange  capacity  (IEC) 

Water  content  studies  of  the  composite  membranes  were  car¬ 
ried  out  by  measuring  the  change  in  weight  of  the  composite 
membranes  before  and  after  hydration  using  an  electronic  scale 
(AR3130,  Ohaus  Corporation,  USA).  The  OH-  form  composite  mem¬ 
branes  were  immersed  in  deionized  water  at  room  temperature  and 
equilibrated  for  more  than  48  h.  The  weight  of  the  wet  composite 
membrane  was  determined  after  removing  excess  surface  water. 
Then  the  wet  membrane  was  dried  under  vacuum  at  a  fixed  tem¬ 
perature  of  60  °C  until  a  constant  dry  weight  was  obtained.  The 
percentage  water  content  Wc  was  calculated  using  the  following 
relation: 

Wc  (%)  =  ITlh  -  md  x  100  (!) 

md 

where  mh  is  the  mass  (g)  of  a  wet  membrane  and  md  is  the  mass 
(g)  of  a  dry  membrane. 

The  ion  exchange  capacity  was  measured  using  the  classical 
titration  method.  The  composite  membranes  were  soaked  in  a 
large  volume  of  0.1  M  NaOH  solution  to  convert  them  into  the  OH- 
form.  They  were  washed  with  deionized  water  to  remove  excess 
NaOH  and  then  equilibrated  with  100  mL  of  0.1  M  HC1  solution  for 
48  h.  The  IEC  values  were  determined  from  the  reduction  in  acid 
measured  using  back  titration.  The  IEC  values  (mequiv.g-1)  were 
obtained  from  the  following  equation: 

IEC  (mequiv.g-1 )  =  M°.hc  ~  Me.Hq  (2) 

md 

where  MoHC1  is  the  milliequivalents  (mequiv.)  of  HC1  required 
before  equilibrium,  Me  Hci  is  mequiv.  of  HC1  required  after  equi¬ 
librium,  and  md  is  the  mass  (g)  of  the  dried  membrane. 

2.4.  Methanol  permeability 

The  methanol  permeability  was  measured  using  a  diffusion 
cell  comprising  two  compartments.  Magnetic  stirrers  were  used  in 
each  compartment  to  ensure  uniformity  during  the  experiments. 
The  membrane  was  clamped  between  the  two  compartments. 
One  compartment  was  loaded  with  deionized  water  and  the 
other  with  a  solution  containing  1  M  methanol  and  0.5  M  KOH. 
The  concentration  of  the  permeating  methanol  was  measured  by 
gas  chromatography  (GC-950,  Shanghai  Haixin  Chromatographic 
Instruments  Co.,  Ltd.). 

2.5.  Ion  conductivity 

The  ion  conductivity  of  the  membranes  was  measured  by 
two-probe  AC  impedance  spectroscopy  with  Parstat  2273  electro¬ 
chemical  equipment  (Princeton  Advanced  Technology,  USA)  over 
the  frequency  range  from  0.1  to  1  MHz.  Before  testing,  the  OH-  form 
membranes  were  hydrated  in  deionized  water  for  at  least  48  h.  The 
testing  device  with  the  membrane  was  placed  in  a  chamber  with 
deionized  water  to  keep  the  relative  humidity  at  100%  during  the 
measurements. 
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Fig.  1.  FT-IR  spectra  of  CS,  QAPVA,  HACC  and  composite  membranes. 


The  ion  conductivity  a  (Son-1)  of  a  given  membrane  can  be 
calculated  from 


where  l  is  the  distance  (cm)  between  two  stainless  steel  electrodes, 
A  is  the  cross-sectional  area  (cm2)  of  the  membrane  and  R  is  the 
membrane  resistance  (£2)  from  the  AC  impedance  data. 

3.  Results  and  discussion 

3.1.  FTIR-ART  spectroscopy 

IR  spectra  were  determined  to  assess  the  existence  of  —OH 
groups  in  the  membranes.  The  IR  spectra  of  QAPVA,  HACC  and  the 
composite  membranes  are  shown  in  Fig.  1.  The  peaks  at  965,  966 
and  967  cm-1 ,  found  in  the  IR  spectra  of  QAPVA,  HACC  and  the 
composite  membranes,  respectively,  are  characteristic  absorptions 
of  quaternary  ammonium  groups.  But  the  same  peak  does  not  show 
in  the  IR  spectra  of  CS.  This  indicates  that  quaternary  ammonium 
groups  have  been  introduced  to  CS  successfully. 

The  IR  spectrum  of  the  cross-linked  composite  membrane  shows 
a  decrease  in  the  intensity  of  the  O— H  band  (3200-3500  cm-1 ) 
compared  to  that  of  HACC,  which  arises  from  the  cross-linking  reac¬ 
tion.  The  composite  of  QAPVA  and  HACC  can  be  cross-linked  by  GA 
through  the  reaction  of —OH  with  — C=0  groups. 

3.2.  XRD  analysis 

The  X-ray  diffraction  measurements  were  performed  to  exam¬ 
ine  the  crystallinity  of  the  composite  membranes.  PVA  and  CS 
are  well  known  to  exhibit  a  semi-crystalline  structure.  The  intro¬ 
duction  of  quaternary  ammonium  groups  disrupts  the  crystalline 
structure  of  the  polymers;  therefore,  QAPVA  and  HACC  have  a 
low  crystallinity.  Fig.  2  shows  the  XRD  patterns  of  two  series  of 
composite  membranes.  From  the  patterns,  the  P3H2  series  shows 
a  large  peak  at  the  20  angle  of  18-20°  and  a  small  peak  at 
9-10°.  The  large  peak  at  20  =  18-20°  for  the  P3H2G4  membrane 
is  broadened  compared  to  that  for  the  P3H2G2  membrane,  which 
indicates  a  decrease  of  the  crystalline  area  in  the  composite  mem¬ 
branes.  The  crystallinity  of  the  composite  membranes  is  due  to  the 
hydroxyl  groups  in  the  side-chain  of  QAPVA  and  HACC,  which  forms 
intramolecular  hydrogen  bonds  and  hence  crystalline  areas.  With 
the  addition  of  GA,  the  cross-linking  reaction  between  the  —OH 
groups  on  HACC  and  QAPVA  and  the  —  C=0  groups  on  GA  occurs 


and  weakens  the  intramolecular  hydrogen  bonds.  This  leads  to  a 
decrease  in  the  crystallinity  of  the  composite  membranes.  How¬ 
ever  the  large  peak  at  20  =  18-20°  for  the  P3H2G8  membrane  does 
not  change  significantly.  The  cross-linking  makes  the  structure 
of  the  membranes  compact  and  generates  new  crystalline  areas. 
Intramolecular  hydrogen  bonds  breaking  and  the  generation  of  new 
crystalline  areas  caused  by  cross-linking  work  in  opposite  direc¬ 
tions,  so  that  the  crytallinity  of  the  P3H2G8  membrane  changes 
little. 

Fig.  2  also  illustrates  the  diffraction  patterns  of  the  P4H1 
series  of  composite  membranes.  With  the  addition  of  GA,  the 
peak  at  20  =  18-20°  is  broadened.  The  effect  of  breakage  of  the 
intramolecular  hydrogen  bonds  plays  a  dominant  role,  accordingly 
the  crystallinity  of  P4H1  series  of  composite  membranes  decreases 
with  increasing  GA  content. 

Comparing  the  XRD  patterns  of  the  P3H2  and  the  P4H1  series 
of  composite  membranes,  we  find  that  the  peak  intensity  of  the 
latter  is  weaker  than  that  of  the  former,  with  the  same  amount  of 
cross-linking  reagent.  This  tendency  shows  that  the  crystallinity  of 
the  P4H1  series  of  membranes  is  less  than  that  of  the  P3H2  series. 
The  ion  conductivity  of  the  composite  membranes  is  related  to  the 
crystallinity.  A  high  crystallinity  discourages  the  transport  of  ions  in 
the  membrane.  Consequently  the  P4H1  series  of  composite  mem¬ 
branes  have  better  ion  conductivity  than  those  of  the  P3H2  series 
(the  results  are  given  in  Section  3.6). 

3.3.  TGA  thermal  analysis 

Fig.  3  shows  the  TGA  and  differential  gravimetric  analysis  (DTG) 
thermographs  of  the  QAPVA  membrane,  which  reveal  three  princi¬ 
pal  weight  loss  regions  and  three  peaks  in  the  DTG  curves.  The  first 
peak  transition  region  (around  298  °C)  arises  from  the  degradation 
of  the  quaternary  ammonium  groups  grafted  onto  the  matrix;  the 
total  weight  loss  at  this  stage  is  about  42%.  The  second  peak  transi¬ 
tion  region  at  352  °C  arises  from  the  degradation  of  hydroxyl  groups 
on  the  matrix;  the  total  weight  loss  corresponding  to  this  stage  is 
about  40%.  The  third  peak  at  426.5  °C  leads  to  the  cleavage  of  the 
backbone  of  the  QAPVA;  the  total  weight  loss  here  is  about  99%  at 
566  °C. 

Fig.  4  shows  the  TGA  and  DTG  thermographs  of  HACC.  The 
curves  reveal  one  principal  weight  loss  region,  and  there  exists  one 
peak  in  the  DTG  curve.  The  main  transition  region  at  230-280  °C 
(7max  =  258°C)  arises  from  the  degradation  of  the  quaternary 
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Fig.  3.  TGA  curve  of  the  QAPVA  membranes. 


Fig.  4.  TGA  curve  of  the  HACC  membranes. 


ammonium  groups  on  the  chain  and  the  cleavage  of  the  backbone 
of  HACC;  the  total  weight  loss  is  about  86%  at  566  °C.  This  result 
suggests  that  the  bonds  of  2-hydroxy-propyltrimethy  ammonium 
groups  and  the  NH—  linkage  are  very  stable. 


Fig.  5.  TGA  curve  of  the  P3H2G2  and  P4H1G2  composite  membranes. 


Fig.  6.  SEM  photographs  of  the  P3H2G4  composite  membrane:  (a)  surface  image 
and  (b)  cross-sectional  image. 


Fig.  5  shows  the  TGA  and  DTG  thermographs  of  the  P3H2G2 
cross-linked  composite  membrane.  There  are  two  principal  weight 
loss  regions  and  two  peaks  in  the  DTG  curve.  The  first  peak  tran¬ 
sition  region  at  285  °C  arises  from  the  degradation  of  quaternary 
ammonium  groups;  the  weight  loss  corresponding  to  this  stage  is 
about  54%.  The  second  stage  at  360-420  °C  (Tmax  =  421.1  °C)  arises 
from  the  cleavage  of  the  C-C  backbone  of  the  composite  mem¬ 
branes,  and  the  total  weight  loss  here  is  about  85%  at  566  °C.  Note 
the  TGA  curve  of  P4H1G2  membrane  in  Fig.  5.  A  comparison  of 
the  TGA  curves  of  the  P3H2G2  and  P4H1G2  membranes  reveals 
that  the  degradation  trends  of  the  two  membranes  are  almost  the 
same.  Also  the  P3H2G2  membrane  is  somewhat  more  stable  than 
the  P4H1G2  membrane,  which  is  due  to  the  variable  content  of 
QAPVA  and  HACC.  The  degradation  of  the  composite  membrane 
P3H2G2  is  less  intense  than  that  of  the  QAPVA  and  HACC  mem¬ 
branes,  which  is  due  to  the  cross-linked  network  formed  in  the 
composite  membranes.  Hence,  the  content  of  QAPVA  and  HACC  and 
the  cross-linking  degree  determine  the  mechanical  stability  of  the 
composite  membranes. 

3.4.  Scanning  electron  microscopy  (SEM) 

SEM  photographs  for  the  surface  and  the  cross-sectional  views 
of  the  P3H2G4  composite  membrane  are  shown  in  Fig.  6.  The  sur¬ 
face  of  the  composite  membrane  is  smooth.  And  the  cross-sectional 
view  of  the  composite  membrane  shows  that  there  are  no  obvious 
holes,  phase  separation  phenomena  and  the  structure  is  compact. 
The  results  indicate  that  QAPVA  and  HACC  are  combined  well  with 
GA  as  the  cross-linking  reagent. 

3.5.  Water  content  and  ion  exchange  capacity  (IEC) 

Fig.  7  shows  the  water  content  of  the  composite  membranes, 
which  is  found  to  decrease  with  increasing  GA  addition  for  all 
composite  membranes.  This  arises  from  the  formation  of  cross- 
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Fig.  7.  Water  content  of  the  composite  membranes. 

linked  structures,  which  become  more  compact  with  more  GA  as 
the  cross-linking  reagent.  Hence,  there  is  not  much  space  in  the 
composite  membranes  to  contain  water  molecules. 

The  water  content  of  the  P3H2  series  of  membranes  is  greater 
than  that  of  the  P4H1  series,  when  they  have  the  same  volume  of 
GA  as  the  cross-linking  reagent.  The  different  quantity  of  QAPVA 
and  HACC  in  the  membranes  results  in  different  water  content. 
This  result  indicates  that  the  HACC  membrane  is  more  hydrophilic 
than  the  QAPVA  membrane.  The  former  can  contain  more  water 
molecules  than  the  latter  with  the  same  mass. 

The  ion  exchange  capacity  (IEC)  indicates  the  intensity  of 
exchangeable  hydrophilic  groups  grafted  onto  the  membrane 
matrix,  which  is  responsible  for  their  charged  nature.  Fig.  8  shows 
the  ion  exchange  capacity  of  the  composite  membranes.  It  can  be 
seen  that  the  IEC  of  the  P3H2  series  of  membranes  is  greater  than 
that  of  the  P4H1  series  because  of  the  increasing  number  of  charged 
groups  (— N+(CH3  )3 )  in  the  P3H2  series.  This  result  indicates  that  the 
number  of  charged  groups  per  gram  of  QAPVA  is  larger  than  that  in 
HACC. 

3.6.  Ion  conductivity 

Fig.  9  shows  the  conductivity  of  all  the  composite  mem¬ 
branes  as  a  function  of  temperature.  The  conductivities  of 
all  the  membranes  range  from  10-3  to  10-2Scm-1,  with 
the  highest  being  1.25  x  10-2  Son-1  at  60 °C  for  the  P4H1G8 
membrane,  which  is  higher  than  that  of  the  cross-linked 
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Fig.  8.  Ion  exchange  capacity  of  the  composite  membranes. 


Fig.  9.  Ion  conductivity  of  the  composite  membranes. 


QAPVA  membranes  (8.37  x  10-3  Son-1)  at  the  same  temperature 

[8]. 

The  conductivity  of  the  P4H1  series  of  membranes  is  higher  than 
that  of  the  P3H2  series  with  the  same  mass  of  GA.  This  result  is  the 
reverse  to  the  common  assumption  that  the  IEC  and  the  water  con¬ 
tent  control  the  ion  conductivity.  The  IEC  and  water  content  of  the 
P3H2  series  of  membranes  are  higher  than  those  of  the  P4H1  series. 
The  higher  IEC  means  more  charged  groups,  and  the  higher  water 
content  means  more  water  in  the  membranes.  But  the  conductiv¬ 
ity  results  reveal  that  an  increase  of  the  IEC  of  these  composite 
membranes  is  not  the  primary  determining  factor  for  the  ion  con¬ 
ductivity.  The  water  in  the  membranes  exists  in  two  forms:  free 
water  and  bound  water.  The  water  content  is  the  total  of  the  free 
and  bound  water,  whereas  only  the  free  water  can  transport  OH- 
groups  through  the  membrane.  Hence,  we  presume  that  the  free 
water  content  in  the  P4H1  series  of  membranes  is  greater  than 
that  in  the  P3H2  series,  which  also  affects  the  conductivity  of  the 
composite  membranes. 

As  shown  in  Fig.  9,  the  ion  conductivity  of  the  same  series  com¬ 
posite  membrane  increases  with  increasing  cross-link  density  and 
decreasing  water  content  of  the  membranes.  This  phenomenon  is 
different  from  other  cross-linked  membranes  [23,24]  and  can  be 
explained  by  structural  effect  as  indicated  from  the  XRD  results. 
The  transport  of  OH-  anions  in  membranes  is  affected  by  the  water 
content  and  the  microscopic  membrane  channel  structure.  The  XRD 
plot  shows  that  the  P4H1  series  of  membranes  have  fewer  crys¬ 
talline  regions  than  those  of  the  P3H2  series,  so  it  is  easier  to  form 
run-through  anion  transport  channels  in  the  P4H1  series  than  in 
the  P3H2  series.  Hence,  the  transport  of  OH-  anions  is  easier  in 
the  P4H1  series  membranes  than  in  the  P3H2  series.  All  these 
results  indicate  that  the  membrane  structure  is  the  dominant  fac¬ 
tor  in  determining  the  facility  of  anion  transport  in  these  composite 
membranes. 

These  membranes,  which  have  a  high  conductivity  and 
low  water  content,  can  achieve  almost  perfect  performance  as 
described  by  Anis  et  al.  [23]. 

Fig.  10  shows  the  relation  between  lncr  and  1000/T.  Assum¬ 
ing  that  the  conductivity  follows  the  Arrhenius  behavior,  the  ion 
transport  activation  energy  Ea  of  the  composite  membranes  can  be 
obtained  according  to  the  Arrhenius  equation: 

Ea  =  —b  x  R  (4) 

where  b  is  the  slope  of  the  regression  line  of  In  cr  (S  cm-1 )  vs.  1000/T 
(I<-1)  plots  and  R  is  the  gas  constant  (8.314472 JK-1  mol-1).  The 
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Fig.  10.  Arrhenius  plots  for  the  composite  membranes. 


results  are  presented  in  Table  1.  The  Ea  of  the  P4H1G2  membranes 
(11.8  kj  mol-1 )  is  the  lowest  of  all  the  composite  membranes. 

The  Ea  values  of  the  cross-linked  QAPVA  membranes  [8]  and 
the  cross-linked  PVA/PAA/silica  hybrid  membranes  [25]  increase 
with  increasing  cross-linking  degree.  However,  the  Ea  values  of  the 
QAPVA/HACC  composite  membranes  change  in  a  different  manner. 
Here,  in  the  same  series  of  membranes,  the  Ea  values  do  not  increase 
with  increasing  cross-linking  degree.  Between  the  two  series  mem¬ 
branes,  the  Ea  values  change  without  any  discernable  pattern.  The 
composition  and  the  structure  of  the  membranes  are  two  factors 
that  influence  the  value  of  Ea.  Based  on  the  Ea  values  of  the  com¬ 
posite  membranes;  it  is  possible  that  the  combined  effect  of  the 
composition  and  structure  determines  the  Ea  values  of  the  compos¬ 
ite  membranes.  Consequently,  the  Ea  values  of  these  membranes 
show  a  random  distribution. 

3.7.  Methanol  permeability 

The  methanol  permeability  of  all  the  cross-linked  com¬ 
posite  membranes  as  a  function  of  temperature  is  shown  in 
Fig.  11.  The  methanol  permeability  ranges  from  5.68  x  10-7  to 
4.42  x  10-6cm2  s-1  at  30  °C  with  1  M  methanol  in  one  compart¬ 
ment.  These  values  are  smaller  than  those  of  the  cross-linked 
QAPVA  membranes  [(1.0— 4.1 )  x  10-6  cm2  s-1]  [8]  and  Nafion®  117 
membranes  [(4.5-9.2)  x  10-6  cm2  s_1  ]  [16].  At  the  same  time, 


Fig.  11.  Methanol  permeability  of  the  composite  membranes. 


it  is  also  observed  that  the  methanol  permeability  increases 
only  slightly  with  increasing  temperature.  For  example,  for 
the  P4H1G8  membranes,  their  methanol  permeabilities  are 
1.42  x  10-6,  0.95  x  10-6, 1.42  x  10-6  and  1.89  x  10-6  cm2  s-1  at  30, 
40,  50  and  60  °C,  respectively.  These  data  indicate  that  the  cross- 
linked  composite  membranes  have  low  methanol  permeability  and 
hence  can  be  applied  to  better  advantage  in  anion  exchange  mem¬ 
brane  fuel  cells. 

The  methanol  permeability  of  these  two  series  of  membranes 
also  decreases  with  increasing  GA,  which  can  be  explained  by  the 
fact  that  the  addition  of  GA  forms  a  more  compact  structure  in 
the  cross-linked  composite  membranes.  The  more  compact  struc¬ 
ture  makes  the  transport  channels  narrower;  hence,  it  increases  the 
transport  resistance  for  methanol  passing  through  the  cross-linked 
composite  membranes. 

4.  Conclusions 

Two  series  of  novel  cross-linked  composite  anion  exchange 
membranes  were  prepared  using  different  mass  of  QAPVA  and 
HACC  and  using  GA  as  the  cross-linking  reagent.  With  the  quater¬ 
nary  ammonium  group  grafted  onto  the  matrix  of  QAPVA  and  HACC, 
the  composite  membranes  have  exchangeable  anions.  Also  the  form 
of  the  cross-linking  structure  reduces  the  methanol  permeability  of 
the  composite  membranes.  The  composite  membranes  show  high 
conductivity  in  the  range  of  10-3  to  10-2  S  cm-1  and  low  methanol 
permeability.  It  is  found  that  the  membrane  structure  is  the  princi¬ 
pal  factor  affecting  the  conductivity  and  methanol  permeability  of 
the  composite  membranes. 
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